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1800Extramedullary Relapse of Acute Myeloid Leukemia
after Allogeneic Hematopoietic Stem Cell
Transplantation: An Easily Overlooked but Significant
Pattern of Relapse
Satoshi Yoshihara,1 Toshihiko Ando,2 Hiroyasu Ogawa1Acute myeloid leukemia may manifest as myeloid sarcoma in a variety of extramedullary (EM) tissues at
diagnosis or at relapse. Although EM relapse after allogeneic hematopoietic stem cell transplantation
(alloSCT) has been considered to be rare, recent studies have suggested that it occurs in 5% to 12% of pa-
tients who receive alloSCT, accounting for 7% to 46% of total relapses. The incidence of EM relapse after
immunomodulation (eg, donor lymphocyte infusion) or a second SCT is even higher. Moreover, patients
with EM relapse are more likely to have had preceding acute graft-versus-host disease or chronic graft-
versus-host disease relative to those with bone marrow relapse. Collectively, these observations suggest
that the preferential occurrence of the graft-versus-leukemia effect underlies the pathogenesis of EM relapse.
Establishing an early diagnosis of EM relapse has been challenging because of the immense diversity in the
relapse sites; however, recent studies have suggested the usefulness of 18F-fluorodeoxyglucose positron
emission tomography scans in the detection of EM relapse. As a treatment for EM relapse, a combination
of local and systemic therapy should be considered, because local therapy alone often results in subsequent
systemic relapse. The prognosis for patients who develop EM relapse after SCTremains poor but is slightly
better than that after bone marrow relapse. In addition to an early diagnosis with new modalities, clinical
studies using new agents that may offer systemic activity while preserving the graft-versus-leukemia effect
are warranted as part of an effort to improve the clinical outcome.
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Allogeneic hematopoietic stem cell transplantation
(alloSCT) has been established as an effective treat-
ment modality in patients with acute myeloid leukemia
(AML). AlloSCT improves survival in patients with
unfavorable-risk AML in remission by reducing the
risk of relapse [1] and can also provide long-term sur-
vival in a certain proportion of patients with advanced
AML [2]. Because recent improvements in supportive
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ity, disease relapse has now emerged as the principle
cause of treatment failure after alloSCT [3].
AMLmay manifest as myeloid sarcoma in a variety
of extramedullary (EM) tissues at diagnosis or at re-
lapse [4]. Although the incidence of EM relapse after
alloSCT has been considered to be rare, recent studies
have suggested that EM relapse accounts for a signifi-
cant proportion of relapses, particularly in situations
where the graft-versus-leukemia (GVL) effect is in-
duced. In this review, we outline clinically important
issues regarding EM relapse, including advances in di-
agnostic modalities and its management.
Incidence and Risk Factors
The incidence of EM relapse in reported studies is
summarized in Table 1. In a large retrospective study
from the European Group for Blood and Marrow
Transplantation, the incidence of EM relapse after
SCT was 0.65% for patients with AML (20 of 3,071
patients) [5]. However, the incidence in this cohort
may have been underreported [6]. Other studies, in-
cluding recent ones, have shown that EM relapse of
Table 1. Incidence of EM Relapse after SCT
Author and Citation Disease Disease Status at SCT Donor Conditioning
Incidence of
EM Relapse
EM Relapse/Total
Relapse
Bekassy et al. [5] AML
(n 5 3,071)
ND ND ND 0.65% ND
Simpson et al. [7] AML
(n 5 81)
CR 64%
Non-CR 36%
MRD 94%
MMRD 4%
BU/CY 12% 45%
Lee et al. [9] AML
(n 5 78)
CR 92%
Non-CR 8%
MRD 83%
MUD 15%
MMUD 1%
BU/CY 95%
Flu/BU/ATG 5%
10% 33%
Blum et al. [10] AML
(n 5 228)
CR 54%
IF 17%
Rel 29%
Allo 84%
Auto 16%
BU/CY-based 89%
BU/VP16 11%a
7% 19%
Shimoni et al. [11] MDS/AML (n 5 277) CR1 68%b
Other 32%b
MRD 54%b
Unrelated 39%b
Haplo/cord 7%b
Myeloablative 68%b
RIC 32%b
ND 8%
Harris et al. [12] and
Porter et al. [13]
AML
(n 5 257)
ND ND ND 10% 26%
Kogut et al. [14] AML
(n 5 246)
CR1/2 56%
IF 16%
Rel 28%
MRD 44%
MUD 56%
RIC (Flu/Mel 92%) 10.4% 18%
Yoshihara et al. [15] AML (n 5 57; 38 in 1st and
19 in 2nd SCT)
CR 9%
Non-CR 91%
Haploidentical Myeloablative 25%
RIC 75%
1st SCT: 11%
2nd SCT: 32%
1st SCT: 21%
2nd SCT: 51%
Solh et al. [16] AML
(n 5 436)
ND ND ND 5.70% 20%
EM indicates extramedullary; SCT, stem cell transplantation; AML, acute myeloid leukemia; ND, not described; CR, complete remission; MRD, matched
related donor; MMRD, mismatched related donor; BU/CY, busulfan and cyclophosphamide; MUD, matched unrelated donor; MMUD, mismatched un-
related donor; Flu/BU/ATG, fludarabine, busulfan, and antithymocyte globulin; IF, induction failure; Rel, relapse; Allo, allogeneic; Auto, autologous; MDS,
myelodysplastic syndrome; Haplo/cord, haploidentical or cord blood; RIC, reduced-intensity conditioning; Flu/Mel, fludarabine and melphalan.
aAll are patients who received auto-SCT.
bPatients with acute lymphoblastic leukemia (n 5 79) were included in the analysis.
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alloSCT, accounting for 7% to 46% of total relapses
[7-16]. In a study that examined data from the
European Bone Marrow Transplant Registry
database, the incidence of EM relapse was statistically
higher in patients who underwent allogeneic bone
marrow (BM) transplantation than in those who
underwent autologous BM transplantation (11% vs
6%; P5 .02) [17].
The incidence of EM relapse after immunomodu-
lation (eg, donor lymphocyte infusion [DLI]) or a sec-
ond SCT is even higher. Choi et al. [18] reported that
among 16 patients with AML who received chemo-
therapy 1 DLI, 10 achieved complete remission
(CR). Among these 10 patients, 5 patients relapsed;
all these patients relapsed at EM sites in the presence
of continuous remission in the BM. The results of
several other studies also indicate that EM relapse
may commonly occur after immunomodulatory ther-
apy for postSCT AML relapse [19,20]. Moreover,
Yoshihara et al. [15] reported that the cumulative inci-
dence of EM relapse among 19 patients who received
haploidentical SCT as their second SCT was 32%,
whereas the incidence among 38 patients who received
haploidentical SCT as their first SCT was 11%.
Factors that are reported to be associated with EM
relapse after SCT include younger age, EM involve-
ment before SCT, advanced disease at SCT, unfavor-
able cytogenetics, and the M4/M5 French, American,
British subtypes [9,12-14]. Although chromosomalabnormalities such as t(8;21) and inv(16), and CD56
expression in leukemic cells have been suggested to
be associated with EM infiltration of AML at
diagnosis or at relapse after chemotherapy [4,21-26],
the significance of these factors in EM relapse in the
SCT settings remains unclear. Meanwhile, Simpson
et al. [7] reported the incidence of EM relapse was
higher after busulfan-based conditioning than the re-
ported incidence after total body irradiation (TBI)-
based conditioning [27] and thus hypothesized that
the conditioning regimen affects the incidence of
EM relapse. However, the role of TBI in preventing
EM relapse remains uncertain, because recent studies
have shown a similar incidence of EM relapse after
TBI-based and non–TBI-based conditioning regi-
mens [10,16]. Further studies are also needed to
clarify the role of other factors in EM relapse, such
as the use of T cell depletion of grafts, stem cell
sources, HLA disparities and the kinetics of T cell
chimerism, all of which have been reported to be
associated with the risk of BM relapse.Clinical Manifestation
EM relapse of AML after SCT can occur not only
in immunological sanctuary sites (eg, the central ner-
vous system [CNS], testis, and ovary) but also in any
organ or site in the body, including the skin, muscle,
bone, nasal sinuses, mammary glands, peritoneal cav-
ity, pancreas, adrenal glands, gastrointestinal tract,
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occurring close to the surface of the body (eg, skin,
muscle, testis, and mammary glands) can manifest as
a soft tissue mass. Other clinical symptoms are
various and nonspecific, including anorexia, jaundice,
ascites, lumber pain, abdominal pain, and hematuria.
The site of involvement can be localized but often
includes multiple locations or is diffusely infiltrated,
possibly because of the delayed diagnosis due to
nonspecific symptoms.
BM relapse and EM relapse show significant dif-
ferences in their clinical manifestations. The median
time from SCT to EM relapse has been reported to
be at 10 to 17 months, which is longer than the median
time from SCT to BM relapse at 3 to 7 months
[9,11,12,14,16,29]. Interestingly, patients with EM
relapse have been reported to be more likely to have
had preceding acute graft-versus-host disease
(aGVHD) and/or chronic GVHD (cGVHD) com-
pared to those with BM relapse [8,11,16].Pathogenesis
Although both BM and EM relapses may occur as
a result of immune escape from the GVL effect via var-
ious mechanisms [31], the above-mentioned observa-
tions highlight a role for the preferential occurrence
of the GVL effect in the pathogenesis of EM relapse.
These above-mentioned observations include (1)
a higher incidence of EM relapse after alloSCT than
after autologous SCT; (2) an increased likelihood
that patients with EM relapse have had preceding
aGVHD and/or cGVHD when compared to those
with BM relapse; (3) a longer time from SCT to EM
relapse than the time to BM relapse; (4) a high inci-
dence of EM relapse in patients who received post-
transplantation immunomodulatory treatment, such
as DLI; and (5) a high incidence of EM relapse after
second SCT. Lee et al. [32] indicated that the GVL
effect associated with an occurrence of GVHD is less
effective in preventing an EM relapse than a BM
relapse, by showing that the occurrence of aGVHD
was significantly associated with better BM relapse-
free survival but that EM relapse-free survival was sim-
ilar in patients with or without aGVHD.
Although the precise mechanism for the difference
in theGVL effect between BM andEM tissues remains
to be clarified, several possible hypotheses have been
suggested. Major effector cells for the GVL re-
sponse—that is, CD8-positive T cells and natural killer
cells—are present in much higher numbers in BM than
in EM tissues [33]. In addition, the recruitment of the
accessory cells necessary to achieve efficient local anti-
leukemic activity may be deficient at the sites of EM re-
lapse [34]. In other words, the GVL effect could be
regarded as a ‘‘lymphohematopoietic GVHD re-
sponse.’’ Chakraverty et al. [35] showed that the pres-ence of inflammation within tissues targeted in
GVHD controls the trafficking level of activated T
cells to the affected sites. If the trafficking of T cells
is the determining factor separating GVL from
GVHD, the EM sites should inherently be less suscep-
tible to the GVL effect. In addition, St€olzel et al. [36]
suggested that HLA loss in leukemic cells, which has
been reported in patients with BM relapse after
HLA-mismatched SCT [37,38], may also be involved
in the mechanisms of EM relapse after matched
related alloSCT [36]. They reported a patient present-
ing with a partial loss of HLA genes in leukemic cells
taken from EM relapse, which was absent in leukemic
cells from BM at diagnosis. They hypothesized that
the partial loss of several HLA class I genes resulted
in reduced presentation of minor histocompatibility
antigens [39] and reduced ligation of activating natural
killer cell receptors [40], both of which lead to the loss
of GVL response and subsequent EM relapse in tissues
with reduced immunologic surveillance.
In addition to the preferential occurrence of the
GVLeffect in BM, the intrinsic characteristics of leuke-
mic cells, such as CD56 expression, may also be in-
volved in the pathogenesis of EM relapse, particularly
in the process of the homing of leukemic cells to the
sites of relapse. The CD56 antigen has been identified
as an isoform of the neural cell adhesion molecule and
mediates cell-to-cell interactions via homophilic adhe-
sion [41]. CD56/neural cell adhesionmolecule has been
reported to be highly expressed in various tissues, in-
cluding neural tissues, gut, pancreas, thyroid gland, ad-
renal gland, testis, ovary, visceral smooth muscle, and
cardiac muscle [42]. Thus, EM involvement at these
sites may result from the homing of leukemic cells to
these sites via homophilic adhesion of CD56 antigens.Diagnostic Modalities
No standardized strategy has been established for
the surveillance of EM relapse after alloSCT. The
most significant challenge in the early diagnosis of
EM relapse is the above-mentioned diversity in relapse
sites. Thus, the diagnosis of an EM relapse is often de-
layed until patients develop the symptoms of a large
mass, such as abdominal pain or constipation. How-
ever, a number of recent reports have shown that
EM infiltration of AML can be detected by 18F-fluoro-
deoxyglucose positron emission tomography (FDG-
PET) or FDG-PET/computed tomography (CT)
[43-53]. St€olzel et al. [54] recently reported the results
of FDG-PET/CT in 10 patients with AMLwith histo-
logically proven EM disease at diagnosis (n 5 5),
relapse after alloSCT (n 5 4), or relapse after chemo-
therapy (n 5 1). The scans were able to detect known
EM lesions in 9 patients (90%) and successfully
detected additional EM sites in 6 patients (60%).
Although these results strongly indicate the usefulness
Figure 1. Fluorodeoxyglucose-positron emission tomography (FDG-PET)/computed tomography (CT) images and histologic examination of a biopsy
specimen in a patient with extramedullary (EM) relapse after allogeneic stem cell transplantation (allo-SCT). The FDG-PET/CT images indicate multiple
sites of FDG uptake, including breasts, bile ducts, the pancreas, the mediastinum, the para-aorta, the mesenterium, the stomach, and the left kidney (A).
Histologic examination of the breast tumor showed the diffuse infiltration of medium- to large-sized blast cells (H&E stain, 400) (B).
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lance of EM relapse, this method has several limita-
tions [54]. First, because FDG uptake is not specific
for leukemic infiltration, histological confirmation is
necessary for the diagnosis of EM relapse. Second,
the detection of EM relapse in areas with a physiolog-
ically high background of FDG uptake (eg, CNS,
heart, and urinary tract) is difficult. However, the de-
tection of EM relapse in these areas might be possible
with alternative modalities, such as a lumbar puncture,
echocardiography, and urine tests. Third, cost-effec-
tiveness may be an issue. Because the median onset
of EM relapse is approximately 1 year after SCT,mon-
itoring with FDG-PET/CT may be practical only in
high-risk patients.
In this regard, it is notable that several recent re-
ports have suggested that minimal residual disease
monitoring using a chimeric gene or a WT1 transcript
assay using real-time quantitative PCRmay predict EM
relapse of AML [55]. Tamaki et al. [56] reported that
a patient with AML with t(8;21) showed high AML1-
MTG8 expression levels in the peripheral blood (PB)
at the time of EM relapse [56]. Interestingly, the
AML1-MTG8 expression levels in the BM remained
lower than those in the PB, which is extremely unusual
in patients with BM relapse [57]. Similarly, Kwon et al.
[58] reported that 3 patients with EM relapse showed
high WT1 levels in the PB, but the WT1 level in the
BM remained negative. These results suggest that min-
imal residual disease monitoring in the PB can predict
EM relapse after alloSCT.Moreover, minimal residual
diseasemonitoring in both the PB and BM can possiblydiscriminate between BM relapse and EM relapse [55].
The reason for the pattern of increased AML1-MTG8
andWT1 expression in the PB relative to the BM may
be attributable to the capability of detecting circulating
leukemic cells derived from EM sites.
In summary, minimal residual disease monitoring
using a chimeric gene or WT1 transcripts in the PB
may be useful for the prediction of relapse, and
FDG-PET/CT may be useful for detecting the sites
of relapse. Thus, the combined use of minimal residual
disease monitoring and FDG-PET/CT might be
a useful strategy, as suggested in a patient we briefly
present here. A 20-year-old female patient underwent
a third alloSCT from a haploidentical related donor
for posttransplantation relapse of AML at our insti-
tute. The monitoring of WT1 in the PB showed
a steady increase in its levels, whereas the WT1 levels
in the BM were normal. FDG-PET/CT showed mul-
tiple FDG uptake sites in the bilateral breast, para-
aorta, bile duct, pancreas, stomach, and left kidney
(Figure 1A). The diagnosis of an EM relapse of AML
was confirmed with a core-needle biopsy from a breast
tumor (Figure 1B).Management
An optimal treatment strategy for patients with
EM relapse has yet to be established. Although several
reports have shown that local therapy, including surgi-
cal excision and radiotherapy, can offer some patients
long-term survival [5,59], most patients develop
systemic relapse [60]. Thus, systemic therapy, such as
Figure 2. Fluorodeoxyglucose-positron emission tomography (FDG-PET) images of a patient who received gemtuzumab ozogamicin as a treatment for
extramedullary (EM) relapse after allogeneic stem cell transplantation (allo-SCT) (partly reproduced from Ando et al. [71] with permission from Tohoku
University Medical Press). Multiple EM relapse sites were detected by FDG-PET (A). Two weeks after the discontinuation of immunosuppressants, the
number of EM lesions had slightly decreased in number (B). Complete remission was achieved 3 weeks after a single dose of gemtuzumab ozogamicin
(C) and was maintained 28 months after the administration of gemtuzumab ozogamicin, without further treatments (D).
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these modalities, should be considered, particularly in
patients with a better performance status. Solh et al.
[16] reported that patients who received systemic or
combined modality therapy (ie, systemic 1 local ther-
apy) for an EM relapse had a better 6-month overall
survival when compared with those treated with local
therapy only. Moreover, a recently reported study,
which reviewed the outcome of patients with EM re-
lapse presenting as breast tumors in both SCT and
non-SCT settings, showed that a combination of local
therapy and chemotherapy resulted in a superior out-
come relative to chemotherapy alone [61]. Taking
these findings together, a combination of local and sys-
temic therapy should be considered in patients with
EM relapse with a limited number of involved sites.
In terms of immunomodulatory treatments, DLI
has a limited efficacy [31], and a second SCT often re-
sults in repeated EM relapse [15], as expected from the
above-discussed mechanism. Interestingly, Neumann
et al. [61] examined the feasibility of an intrathecal ap-
plication of donor lymphocytes in 3 patients who had
isolated CNS relapse of CML or AML after SCT.
No acute or delayed toxic side effects were observed.
The efficacy of this strategy remains unclear due to
the combined systemic treatment. Further studies are
warranted to establish a strategy for achieving an effi-
cient GVL effect through the delivery of donor lym-
phocytes to the sites of relapse.
Based on the above observations and the pathogen-
esis of EM relapse, systemically active agents that do
not abrogate the GVL effect would be desirable. All-
trans retinoic acid and arsenic trioxide have been re-
ported to be effective for the treatment of EM relapse
of acute promyelocytic leukemia [62,63]. Otherexamples include hypomethylating agents such as 5-
azacytidine and decitabine. These agents have been
shown to induce leukemic cell differentiation and to
increase the expression of HLA antigens and tumor-
associated antigens [64-67]. Thus, the use of
hypomethylating agents might enhance the GVL
effect. Jabbour et al. [68] reported the efficacy of
5-azacytidine as a treatment in 9 patients with AML re-
lapse after alloSCT. Two of the 3 patients with EM re-
lapse responded to the treatment. Singh et al. [69]
reported on a patient who achieved durable CR of
EM relapse with decitabine.
Another example of an agent that may offer sys-
temic activity while preserving the GVL effect is gem-
tuzumab ozogamicin, an anti-CD33 monoclonal Ab
conjugated to the antitumor antibiotic calicheamicin
[70,71]. Although gemtuzumab ozogamicin was
withdrawn in the United States and Europe based on
the results of several studies, including one that
showed an excess of deaths during induction therapy
with no beneficial effects [72], a recently reported
study has shown the usefulness of this agent, which
may suggest a rationale for re-evaluating the place
for this agent [73,74]. Ando et al. [71] reported the
clinical course of a patient who received gemtuzumab
ozogamicin for the treatment of posttransplantation
multiple EM relapses in the soft tissue and bone
(Figure 2). A biopsy specimen from soft tissue revealed
diffuse infiltration of AML cells and CD81 lympho-
cytes, possibly reflecting the occurrence of a GVL re-
sponse. Discontinuation of immunosuppressants
resulted in a mild reduction in the number of EM le-
sions. A single dose of gemtuzumab ozogamicin at 9
mg/m2 resulted in CR, which has been maintained
now for more than 3 years. The clinical course of the
Biol Blood Marrow Transplant 18:1800-1807, 2012 1805Extramedullary Relapse of AML after alloSCTpatient may suggest the effectiveness of theGVL effect
when the effector-to-tumor cell ratios are improved by
targeted chemotherapy that results in the preservation
of effector cells. In this context, the CD56 monoclonal
Ab conjugated with a toxin or a radioisotope [75,76] is
also a good candidate for future studies of EM relapse
involving CD56-positive leukemic cells.
Prognosis
With current diagnostic and treatment strategies,
the prognosis for patients who develop EM relapse af-
ter SCT remains poor. However, several previous
studies have shown that survival after the occurrence
of EM relapse is slightly better than that after BM re-
lapse [5,8,11,16]. Solh et al. [16] reported that the
probability of survival 6 months after the diagnosis of
a relapse was significantly better in patients with iso-
lated EM relapse (69%) than in those with combined
EM and BM relapses (8%) or with a BM relapse alone
(27%; P\ .01) [16]. In addition, the type of treatment
(local, systemic, or combined) and the response to the
treatment were significantly associated with survival
after EM relapse. Further studies are needed to clarify
the significance of other factors, such as patient age,
sites of relapse, and conditioning for a second SCT.SUMMARY
Recent studies have revealed that the EM relapse
of AML has been underreported and represents a sig-
nificant pattern of relapse. Awareness of EM relapse
has become particularly important, because recent
advances in diagnostic modalities, including FDG-
PET/CT, have enabled the early diagnosis of EM re-
lapse. The possibility of an EM relapse should be
taken into consideration, particularly in patients
who have had aGVHD and/or cGVHD or in those
who have received immunomodulatory therapy or
second transplantation. A combination of local and
systemic therapy should be considered for the treat-
ment of EM relapse, because local therapy alone often
results in subsequent systemic relapse. The prognosis
for patients who develop EM relapse after SCT is
slightly better than that after BM relapse but remains
poor. In addition to an early diagnosis with new mo-
dalities, clinical studies using new agents that may of-
fer systemic activity while preserving the GVL effect
are warranted in the effort to improve the clinical
outcome.ACKNOWLEDGMENTS
The authors are grateful to Dr. Tatsuyuki Kai
(Kita-Fukushima Medical Center) and Dr. Hiroya
Tamaki (Hyogo College of Medicine) for helpful
discussions.Financial disclosure: The authors have no conflicts
of interest to disclose.REFERENCES
1. Koreth J, Schlenk R, Kopecky KJ, et al. Allogeneic stem cell
transplantation for acute myeloid leukemia in first complete re-
mission: systematic review andmeta-analysis of prospective clin-
ical trials. JAMA. 2009;301:2349-2361.
2. Duval M, Klein JP, HeW, et al. Hematopoietic stem-cell trans-
plantation for acute leukemia in relapse or primary induction
failure. J Clin Oncol. 2010;28:3730-3738.
3. Pavletic SZ, Kumar S, Mohty M, et al. NCI First International
Workshop on the Biology, Prevention, and Treatment of Re-
lapse after Allogeneic Hematopoietic Stem Cell Transplanta-
tion: report from the Committee on the Epidemiology and
Natural History of Relapse following Allogeneic Cell Trans-
plantation. Biol Blood Marrow Transplant. 2010;16:871-890.
4. Bakst RL, TallmanMS, Douer D, Yahalom J. How I treat extra-
medullary acute myeloid leukemia. Blood. 2011;118:3785-3793.
5. Bekassy AN, Hermans J, Gorin NC, Gratwohl A. Granulocytic
sarcomaafterallogeneicbonemarrowtransplantation:a retrospec-
tive European multicenter survey. Acute and Chronic Leukemia
Working Parties of the European Group for Blood and Marrow
Transplantation. Bone Marrow Transplant. 1996;17:801-808.
6. Clark WB, Strickland SA, Barrett AJ, Savani BN. Extramedul-
lary relapses after allogeneic stem cell transplantation for acute
myeloid leukemia andmyelodysplastic syndrome.Haematologica.
2010;95:860-863.
7. Simpson DR, Nevill TJ, Shepherd JD, et al. High incidence of
extramedullary relapse of AML after busulfan/cyclophospha-
mide conditioning and allogeneic stem cell transplantation.
Bone Marrow Transplant. 1998;22:259-264.
8. Chong G, Byrnes G, Szer J, Grigg A. Extramedullary relapse af-
ter allogeneic bone marrow transplantation for haematological
malignancy. Bone Marrow Transplant. 2000;26:1011-1015.
9. Lee KH, Lee JH, Choi SJ, et al. Bone marrow vs extramedullary
relapse of acute leukemia after allogeneic hematopoietic cell
transplantation: risk factors and clinical course. Bone Marrow
Transplant. 2003;32:835-842.
10. BlumW, Penza S, Farag S, et al. Incidence of extramedullary re-
lapse of acute myeloid leukemia following transplantation with
busulfan-based conditioning regimens. ASH Annual Meeting
Abstracts. 2004;104:5123.
11. Shimoni A, Rand A, Hardan I, et al. Isolated extra-medullary
relapse of acute leukemia after allogeneic stem-cell transplanta-
tion; different kinetics and better prognosis than systemic re-
lapse. 50th ASH Annual Meeting and Exposition. 2008. abstract
2148.
12. Harris AC, Mageneau J, Braun T, et al. Extramedullary relapse
in acute leukemia following allogeneic hematopoietic stem cell
transplantation: incidence, risk factors and outcomes. Biol Blood
Marrow Transplant. 2010;16:S177-S178.
13. Porter DL, Alyea EP, Antin JH, et al. NCI First International
Workshop on the Biology, Prevention, and Treatment of Re-
lapse after Allogeneic Hematopoietic Stem Cell Transplanta-
tion: Report from the Committee on Treatment of Relapse
after Allogeneic Hematopoietic Stem Cell Transplantation.
Biol Blood Marrow Transplant. 2010;16:1467-1503.
14. Kogut NM, Palmer J, Tsai N-C, et al. Extramedullary relapse
following reduced intensity alloHCT for adult AML. ASH An-
nual Meeting Abstracts. 2010. abstract 3467.
15. Yoshihara S, Ikegame K, Kaida K, et al. Incidence of extrame-
dullary relapse after haploidentical SCT for advanced AML/
myelodysplastic syndrome. Bone Marrow Transplant. 2012;47:
669-676.
16. SolhM,DeForTE,Weisdorf DJ, KaufmanDS. Extramedullary
relapse of acute myelogenous leukemia after allogeneic hemato-
poietic stem cell transplantation: better prognosis than systemic
relapse. Biol Blood Marrow Transplant. 2012;18:106-112.
1806 Biol Blood Marrow Transplant 18:1800-1807, 2012S. Yoshihara et al.17. Potenza L, Luppi M, Riva G, et al. Isolated extramedullary re-
lapse after autologous bone marrow transplantation for acute
myeloid leukemia: case report and review of the literature. Am
J Hematol. 2006;81:45-50.
18. Choi SJ, Lee JH, Lee JH, et al. Treatment of relapsed acute my-
eloid leukemia after allogeneic bone marrow transplantation
with chemotherapy followed by G-CSF-primed donor leuko-
cyte infusion: a high incidence of isolated extramedullary re-
lapse. Leukemia. 2004;18:1789-1797.
19. Singhal S, Powles R, Kulkarni S, Treleaven J, Saso R, Mehta J.
Long-term follow-up of relapsed acute leukemia treated with im-
munotherapy after allogeneic transplantation: the inseparabilityof
graft-versus-host disease and graft-versus-leukemia, and the prob-
lem of extramedullary relapse. Leuk Lymphoma. 1999;32:505-512.
20. Takami A, Okumura H, Yamazaki H, et al. Prospective trial of
high-dose chemotherapy followed by infusions of peripheral
blood stem cells and dose-escalated donor lymphocytes for re-
lapsed leukemia after allogeneic stem cell transplantation. Int
J Hematol. 2005;82:449-455.
21. Tallman MS, Hakimian D, Shaw JM, Lissner GS, Russell EJ,
Variakojis D. Granulocytic sarcoma is associated with the 8;21
translocation in acute myeloid leukemia. J Clin Oncol. 1993;11:
690-697.
22. Byrd JC, Edenfield WJ, Shields DJ, Dawson NA. Extramedul-
lary myeloid cell tumors in acute nonlymphocytic leukemia:
a clinical review. J Clin Oncol. 1995;13:1800-1816.
23. BaerMR, Stewart CC, LawrenceD, et al. Expression of the neu-
ral cell adhesion molecule CD56 is associated with short remis-
sion duration and survival in acute myeloid leukemia with
t(8;21)(q22;q22). Blood. 1997;90:1643-1648.
24. Chang H, Brandwein J, Yi QL, Chun K, Patterson B, Brien B.
Extramedullary infiltrates of AML are associated with CD56 ex-
pression, 11q23 abnormalities and inferior clinical outcome.
Leukemia Res. 2004;28:1007-1011.
25. Ito S, Ishida Y, Oyake T, et al. Clinical and biological signifi-
cance of CD56 antigen expression in acute promyelocytic leuke-
mia. Leuk Lymphoma. 2004;45:1783-1789.
26. Montesinos P, Rayon C, Vellenga E, et al. Clinical significance
of CD56 expression in patients with acute promyelocytic leuke-
mia treated with all-trans retinoic acid and anthracycline-based
regimens. Blood. 2011;117:1799-1805.
27. Mortimer J, BlinderMA, Schulman S, et al. Relapse of acute leu-
kemia after marrow transplantation: natural history and results
of subsequent therapy. J Clin Oncol. 1989;7:50-57.
28. Au WY, Chan AC, Lie AK, Chen FE, Liang R, Kwong YL. Re-
current isolated extramedullary relapses as granulocytic sarcomas
following allogeneic bone marrow transplantation for acute my-
eloid leukemia. Bone Marrow Transplant. 1998;21:205-208.
29. Cunningham I. Extramedullary sites of leukemia relapse after
transplant. Leuk Lymphoma. 2006;47:1754-1767.
30. Kamada Y, Suzukawa K, Taoka K, Okoshi Y, Hasegawa Y,
Chiba S. Relapse of acute myeloid leukemia with
t(16;21)(p11;q22) mimicking autoimmune pancreatitis after sec-
ond allogeneic bone marrow transplantation. ISRN Hematol.
2011;2011:285487.
31. Kolb HJ. Graft-versus-leukemia effects of transplantation and
donor lymphocytes. Blood. 2008;112:4371-4383.
32. Lee JH, Choi SJ, Seol M, et al. Anti-leukemic effect of graft-
versus-host disease on bonemarrow and extramedullary relapses
in acute leukemia. Haematologica. 2005;90:1380-1388.
33. Jiang YZ, Cullis JO, Kanfer EJ, Goldman JM, Barrett AJ. T cell
and NK cell mediated graft-versus-leukaemia reactivity follow-
ing donor buffy coat transfusion to treat relapse after marrow
transplantation for chronic myeloid leukaemia. Bone Marrow
Transplant. 1993;11:133-138.
34. Berthou C, Leglise MC, Herry A, et al. Extramedullary relapse
after favorable molecular response to donor leukocyte infusions
for recurring acute leukemia. Leukemia. 1998;12:1676-1681.
35. Chakraverty R, Cote D, Buchli J, et al. An inflammatory check-
point regulates recruitment of graft-versus-host reactive T cells
to peripheral tissues. J Exp Med. 2006;203:2021-2031.36. St€olzel F, Hackmann K, Kuithan F, et al. Clonal evolution in-
cluding partial loss of human leukocyte antigen genes favoring
extramedullary acutemyeloid leukemia relapse after matched re-
lated allogeneic hematopoietic stem cell transplantation. Trans-
plantation. 2012;93:744-749.
37. Vago L, Perna SK, ZanussiM, et al. Loss of mismatchedHLA in
leukemia after stem-cell transplantation. N Engl J Med. 2009;
361:478-488.
38. Villalobos IB, Takahashi Y, Akatsuka Y, et al. Relapse of leuke-
mia with loss of mismatched HLA resulting from uniparental
disomy after haploidentical hematopoietic stem cell transplanta-
tion. Blood. 2010;115:3158-3161.
39. Bonnet D, Warren EH, Greenberg PD, Dick JE, Riddell SR.
CD8(1) minor histocompatibility antigen-specific cytotoxic T
lymphocyte clones eliminate human acute myeloid leukemia
stem cells. Proc Natl Acad Sci U S A. 1999;96:8639-8644.
40. Farag SS, Fehniger TA, Ruggeri L, Velardi A, Caligiuri MA.
Natural killer cell receptors: new biology and insights into the
graft-versus-leukemia effect. Blood. 2002;100:1935-1947.
41. Lanier LL, Testi R, Bindl J, Phillips JH. Identity of Leu-19
(CD56) leukocyte differentiation antigen and neural cell adhe-
sion molecule. J Exp Med. 1989;169:2233-2238.
42. Garin-Chesa P, Fellinger EJ, Huvos AG, et al. Immunohisto-
chemical analysis of neural cell adhesion molecules. Differential
expression in small round cell tumors of childhood and adoles-
cence. Am J Pathol. 1991;139:275-286.
43. Kuenzle K, Taverna C, Steinert HC. Detection of extramedul-
lary infiltrates in acute myelogenous leukemia with whole-
body positron emission tomography and 2-deoxy-2-[18F]-flu
oro-D-glucose. Mol Imaging Biol. 2002;4:179-183.
44. Karlin L, Itti E, Pautas C, et al. PET-imaging as a useful tool for
early detection of the relapse site in the management of primary
myeloid sarcoma. Haematologica. 2006;91(12 suppl):ECR54.
45. Mantzarides M, Bonardel G, Fagot T, et al. Granulocytic sarco-
mas evaluated with F-18-fluorodeoxyglucose PET. Clin Nucl
Med. 2008;33:115-117.
46. Aschoff P, H€antschel M, Oks€uzM, et al. Integrated FDG-PET/
CT for detection, therapy monitoring and follow-up of granulo-
cytic sarcoma. Initial results. Nuklearmedizin. 2009;48:185-191.
47. Rao S, Langston A, Galt JR, Halkar RK. Extramedullary acute
myeloid leukemia and the use of FDG-PET/CT. Clin Nucl
Med. 2009;34:365-366.
48. Suga K, Kawakami Y, Hiyama A, Takeda K, Tanizawa Y,
Matsunaga N. F-18 FDG PET/CT findings in a case of gastric
relapse of acute myeloblastic leukemia. Clin Nucl Med. 2009;34:
788-790.
49. von Falck C, Laenger F, Knapp WH, Galanski M. F-18 FDG
PET/CT showing bilateral breast involvement in acute myeloid
leukemia relapse. Clin Nucl Med. 2009;34:713-715.
50. Ueda K, Ichikawa M, Takahashi M, Momose T, Ohtomo K,
Kurokawa M. FDG-PET is effective in the detection of granu-
locytic sarcoma in patients with myeloid malignancy. Leukemia
Res. 2010;34:1239-1241.
51. Choi ER, Ko YH, Kim SJ, et al. Gastric recurrence of extrame-
dullary granulocytic sarcoma after allogeneic stem cell trans-
plantation for acute myeloid leukemia. J Clin Oncol. 2010;28:
e54-e55.
52. Yoo SW, Chung EJ, Kim SY, et al. Multiple extramedullary re-
lapses without bonemarrow involvement after second allogeneic
hematopoietic stem cell transplantation for acute myeloid leuke-
mia. Pediatr Transplant. 2012;16:E125-E129.
53. Gunawardana DH, Grigg A. Use of 18F-fluorodeoxyglucose
positron emission tomography to change management and as-
sess response to therapy in post-transplant extramedullary re-
lapse of acute myeloid leukaemia. Intern Med J. 2010;40:
466-467.
54. St€olzel F, R€ollig C, Radke J, et al. 18F-FDG-PET/CT for
detection of extramedullary acute myeloid leukemia. Haemato-
logica. 2011;96:1552-1556.
55. Yoshihara S, TamakiH, IkegameK, et al. Early prediction of ex-
tramedullary relapse of leukemia following allogeneic stem cell
Biol Blood Marrow Transplant 18:1800-1807, 2012 1807Extramedullary Relapse of AML after alloSCTtransplantation using the WT1 transcript assay. Biol Blood Mar-
row Transplant. 2006;12:86.
56. Tamaki H, Yoshihara S, Fujioka T, Kawakami M, Oka Y,
Ogawa H. Molecular detection of AML1-MTG8-positive cells
in peripheral blood from a patient with isolated extramedullary
relapse of t(8;21) acute myeloid leukemia. Leukemia. 2009;23:
424-426.
57. Inoue K, Ogawa H, Yamagami T, et al. Long-term follow-up of
minimal residual disease in leukemia patients by monitoring
WT1 (Wilms tumor gene) expression levels. Blood. 1996;88:
2267-2278.
58. Kwon M, Martınez-Laperche C, Infante M, et al. Evaluation of
minimal residual disease by real-time quantitative PCR of
Wilms’ tumor 1 expression in patients with acute myelogenous
leukemia after allogeneic stem cell transplantation: correlation
with flow cytometry and chimerism. Biol Blood Marrow Trans-
plant. 2012 [Epub ahead of print].
59. AndoT,MitaniN,Matsui K, et al. Recurrent extramedullary re-
lapse of acute myelogenous leukemia after allogeneic hemato-
poietic stem cell transplantation in a patient with the
chromosomal abnormality t(8;21) and CD56-positivity. Int
J Hematol. 2009;90:374-377.
60. Koc Y, Miller KB, Schenkein DP, Daoust P, Sprague K,
Berkman E. Extramedullary tumors of myeloid blasts in adults
as a pattern of relapse following allogeneic bone marrow trans-
plantation. Cancer. 1999;85:608-615.
61. NeumannM,Blau IW,BurmeisterT,et al. Intrathecal application
of donor lymphocytes in leukemic meningeosis after allogeneic
stem cell transplantation. Ann Hematol. 2011;90:911-916.
62. Ustun C, Arat M, Celebi H, et al. Extramedullary relapse
following allogeneic stem cell transplantation in acute pro-
myelocytic leukemia: the role of ATRA. Haematologica. 2001;
86:E31.
63. Kai T, Kimura H, Shiga Y, Ogawa K, Sato H,Maruyama Y. Re-
current extramedullary relapse of acute promyelocytic leukemia
after allogeneic stem cell transplantation: successful treatment
by arsenic trioxide in combination with local radiotherapy. Int
J Hematol. 2006;83:337-340.
64. Pinto A, Maio M, Attadia V, Zappacosta S, Cimino R. Modula-
tion of HLA-DR antigens expression in human myeloid leukae-
mia cells by cytarabine and 5-aza-2’-deoxycytidine. Lancet. 1984;
2:867-868.
65. Pinto A, Attadia V, Fusco A, Ferrara F, Spada OA, Di Fiore PP.
5-Aza-2’-deoxycytidine induces terminal differentiation of leu-
kemic blasts from patients with acute myeloid leukemias. Blood.
1984;64:922-929.66. Momparler RL, Bouchard J, Samson J. Induction of differentia-
tion and inhibition of DNAmethylation in HL-60 myeloid leu-
kemic cells by 5-AZA-2’-deoxycytidine. Leukemia Res. 1985;9:
1361-1366.
67. Coral S, Sigalotti L, Gasparollo A, et al. Prolonged upregulation
of the expression ofHLA class I antigens and costimulatorymol-
ecules on melanoma cells treated with 5-aza-2’-deoxycytidine
(5-AZA-CdR). J Immunother. 1999;22:16-24.
68. Jabbour E, Giralt S, Kantarjian H, et al. Low-dose azacitidine
after allogeneic stem cell transplantation for acute leukemia.
Cancer. 2009;115:1899-1905.
69. Singh SN, Cao Q, Gojo I, Rapoport AP, Akpek G. Durable
complete remission after single agent decitabine in AML relaps-
ing in extramedullary sites after allo-SCT. Bone Marrow Trans-
plant. 2011 [Epub ahead of print].
70. OwonikokoT, AghaM, Balassanian R, Smith R, Raptis A. Gem-
tuzumab therapy for isolated extramedullary AML relapse fol-
lowing allogeneic stem-cell transplant. Nat Clin Pract Oncol.
2007;4:491-495.
71. Ando T, Mitani N, Matsunaga K, et al. Gemtuzumab ozogami-
cin therapy for isolated extramedullary AML relapse after allo-
geneic hematopoietic stem-cell transplantation. Tohoku J Exp
Med. 2010;220:121-126.
72. Petersdorf S, Kopecky K, Stuart RK, et al. Preliminary results of
Southwest Oncology Group Study S0106: an international in-
tergroup phase 3 randomized trial comparing the addition of
gemtuzumab ozogamicin to standard induction therapy versus
standard induction therapy followed by a second randomization
to post-consolidation gemtuzumab ozogamicin versus no addi-
tional therapy for previously untreated acute myeloid leukemia.
ASH Annual Meeting Abstracts. 2009. abstract 790.
73. Estey E. Treatment of AML: resurrection for gemtuzumab ozo-
gamicin? Lancet. 2012;379:1468-1469.
74. Castaigne S, Pautas C, Terre C, et al. Effect of gemtuzumab
ozogamicin on survival of adult patients with de-novo acute my-
eloid leukaemia (ALFA-0701): a randomised, open-label, phase
3 study. Lancet. 2012;379:1508-1516.
75. Tassone P,Gozzini A,Goldmacher V, et al. In vitro and in vivo ac-
tivity of the maytansinoid immunoconjugate huN901-N2’-de
acetyl-N2’-(3-mercapto-1-oxopropyl)-maytansine againstCD561
multiple myeloma cells. Cancer Res. 2004;64:4629-4636.
76. Ishitsuka K, Jimi S, Goldmacher VS, Ab O, Tamura K. Target-
ing CD56 by the maytansinoid immunoconjugate IMGN901
(huN901-DM1): a potential therapeutic modality implication
against natural killer/T cell malignancy. Br J Haematol. 2008;
141:129-131.
